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bstract
The green and red emission bands of natural dolomite were analyzed by the thermoluminescence (TL) method to test the possibility
f their use in different applications in radiation measurements in a range of doses between 1 Gy and 104 Gy. The natural sample
evealed two peaks at 240 ◦C and 325 ◦C in the green region and four peaks at 225 ◦C, 240 ◦C, 270 ◦C and 325 ◦C in the red region.
he dose response curves are sublinear for both bands over the range 1–100 Gy and linear over the region 200 Gy to 104 Gy. After
-irradiation and storage for one month in the darkness at ambient temperature, the remnant TL level was determined to be 39%
nd 86% in the green and red bands, respectively.
 2015 The Authors. Production and hosting by Elsevier B.V. on behalf of Taibah University. This is an open access article under
he CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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.  Introduction
Thermoluminescence is one of the primary physi-
al properties used in the field of radiation dosimetry.
everal natural and synthetic samples exhibit ther-
oluminescent properties under suitable conditions ofPlease cite this article in press as: C. Soliman, et al. Behaviour of th
dolomite irradiated with gamma rays, J. Taibah Univ. Sci. (2016), h
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thermal stimulation. For natural samples, the thermo-
luminescent properties depend on their origin, history,
impurities and composition [1–4]. Therefore, natural
thermoluminescence (TL) was used to study the thermal
history, radiation history and terrestrial age [5–9]. There
are a large number of different carbonate minerals, but
only a few of them are commonly occurring in nature.
The (CO3)2− anionic group represents an essential part
of all the carbonate minerals structure. Naturally occur-
ring calcium carbonates were studied previously [10,11].
The entire spectrum of CaMg(CO3)2 showed many fea-
tures, such as (a) a number of narrow emission bandsermoluminescence green and red emission bands of natural
ttp://dx.doi.org/10.1016/j.jtusci.2015.10.002
behalf of Taibah University. This is an open access article under the
characterized by considerable variations in the relative
intensities with increasing temperature and (b) small
temperature differences corresponding to blue and red
glow peaks. The TL emission spectra for carbonates have
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ple [16] showed two peaks at 240 ◦C and 270 ◦C. The
intensity ratio in the natural sample of blue:green:red is
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unequivocally shown that the Mn impurities are highly
efficient phosphor sites and that the presence of Mn
results in a variety of band emission features when the
Mn is at a low concentration [10]. At a high impurity con-
centration, there is impurity quenching [12], which sup-
presses the higher photon energy emissions and broadens
the lowest temperature emission band from the Mn sites.
The Mn is strongly influenced by the presence of other
impure ions, particularly Pb2+ and Fe2+ [1]. Down et al.
[13] suggested that, at low temperatures, Mn ions exist as
defect complexes that result in broad TL emission spec-
tra. At high temperatures, the complexes dissipate, and
the Mn ions are atomically dispersed so that the emission
spectra are characteristic of Mn energy states.
Limestone makes up approximately 10% of the total
volume of all sedimentary rocks [14]. Dolomite is an
important sedimentary and metamorphic mineral, found
as the principle mineral in dolostones and metadolo-
stones, and as an important mineral in limestone and
marbles, where calcite is the principle component. Lime-
stone is used in many industries [15]. Upon heating
the dolomite from 77 K to ambient temperature, a blue
(425 nm) to red (600 nm) spectral shift was detected. The
natural sample, when exposed to 60Co -source, showed
peaks at 100 ◦C, 140 ◦C, 209 ◦C, 230 ◦C, 248 ◦C and
263 ◦C, and trace elements activators are more impor-
tant in determining the spectra of a given sample than
crystal field effects [11]. The blue TL emission band
of natural Egyptian dolomite was previously studied
for the purpose of being used in radiation applications
[16]. On the other hand, the dosimetric characteristics of
annealed natural dolomites were investigated using the
thermostimulated luminescence technique [17].
In the present work, the basic features of the green
and red TL emission bands of natural dolomite are stud-
ied after irradiation with different doses of gamma rays.
The emission bands were compared with the blue TL
emission band [16] to test the possibility of their use in
different applications, such as industrial radiation mea-
surements.
2.  Experimental  procedures
The source of the dolomite sample used in this work
is the Geology Department, Faculty of Science, Ain
Shams University. The sample was picked up carefully
from Ataka Mountain in Egypt and was grinded up to
a grain diameter of approximately 45 m. The chemi-Please cite this article in press as: C. Soliman, et al. Behaviour of th
dolomite irradiated with gamma rays, J. Taibah Univ. Sci. (2016), h
cal analysis indicated that the sample consisted mainly
of calcium carbonate (CaCO3) and magnesium carbon-
ate (MgCO3), with some impurities as Co, Zn, Mn, Pb
and Fe. PRESS
sity for Science xxx (2016) xxx–xxx
The natural sample was annealed at 400 ◦C for 0.5 h
throughout the experimental work to erase the previ-
ous history of any geological information before the
subsequent irradiation process. After cooling in air, the
annealed aliquots were wrapped and stored in the dark.
For the dose response study, several aliquots of the
annealed sample were irradiated to different doses ran-
ging from 1 Gy to 104 Gy. The irradiation process was
carried out using the 60Co gamma source at the National
Centre for Nuclear Safety and Radiation Control, Atomic
Energy Authority, Cairo, Egypt.
The TL monitoring used a Harshaw 4000 TL system,
USA. The green band was detected by a narrow green
band filter (manufactured by Oriel Corp; filter passes a
10 nm band of light near the 540 nm wavelength) and a
HA-3 IR rejecting filter used to reduce thermal noise. The
red band was detected using a broad band filter (New-
port OG 550) that only transmitted the orange and red
portions of the spectra. The TL measurements were per-
formed in a temperature range from room temperature
to 400 ◦C, at a constant heating rate of 4 ◦C s−1.
3.  Results  and  discussion
3.1.  Natural  TL  glow  curves
The glow curve of the green emission band has
two peaks at 240 ◦C and 325 ◦C, whereas for the red
band, four peaks appeared at 225 ◦C, 240 ◦C, 270 ◦C
and 325 ◦C (Fig. 1). Comparing these emissions with
the previously measured blue band of the same sam-ermoluminescence green and red emission bands of natural
ttp://dx.doi.org/10.1016/j.jtusci.2015.10.002
Fig. 1. Glow curves of dolomite investigated in (a) red, (b) green and
(c) blue after Soliman et al. [16].
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The red band was attributed to the presence of
anganese impurities, and the maximum luminescence
fficiency depends on its concentration [10]. Garcia Sole
t al. [18] compared the main emission of dolomite
wavelength at 640 nm) with the energy level diagram
f Mn2+. Therefore, the important role played by Mn as
 recombination centre in dolomite has been confirmed
10,19–21]. The natural TL of 10 dolomite crystals from
wo districts of India showed two peaks at 270 ◦C and
35 ◦C [17].
.2.  The  effect  of  γ-irradiation
Because of the inhomogeneous distribution of impu-
ities within the sample, it was oven annealed at 400 ◦C
or 30 min before the irradiation in order to homogenize
he impurities. Therefore, all the trapped electrons and
oles forming the natural TL were entirely removed, and
he sample TL reading was very close to the background.
With respect to the radiation measurements, the
ower temperature peaks (<100 ◦C) have no applicablePlease cite this article in press as: C. Soliman, et al. Behaviour of th
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mportance because they fade very quickly, so the post-
rradiation heat treatment to 100 ◦C for 50 s in the reader
as used. Fig. 2a and 2b show typical glow curves for
olomite aliquots exposed to -ray doses of 1 Gy and
ig. 2. Variations of the TL glow curves of dolomite with the irradiation gam
ed band). Aliquots were post-irradiation reader annealed at 100 ◦C for 50 s. PRESS
sity for Science xxx (2016) xxx–xxx 3
10 kGy. At low doses starting at 1 Gy, the glow curves
show only one peak at 325 ◦C. This result indicates that
(1) the traps related to the high temperature peak at
325 ◦C were filled at first because their traps were all
emptied and (2) the capture cross section of the carriers in
the traps associated with this peak was much higher than
the corresponding value for the other peaks. Therefore,
this peak appeared at doses of approximately 103 Gy;
therefore, no response was observed with more gamma
ray doses. This emission is assumed to correspond to an
upper level transition of Mn, as no metal–oxygen bond
is quoted as being long enough to match the pattern for
this carbonate [20]. The planes of the carbonate, Mg and
Ca ions were assumed equally spaced as the confirma-
tion of standard crystallography. The irradiation added
many modifications to the glow curve of dolomite. At
doses higher than 5 Gy, TL peaks at 155 ◦C, 240 ◦C, and
270 ◦C and 325 ◦C appeared in both the green and red
bands. Additional peaks at 145 ◦C and 225 ◦C appeared
in the red band (Fig. 2c and d).
The dissimilarity between the natural sample (Fig. 1)ermoluminescence green and red emission bands of natural
ttp://dx.doi.org/10.1016/j.jtusci.2015.10.002
and the laboratory sample (Fig. 2) can be ascribed to
thermal treatment (at 400 ◦C for 30 min) and ionizing
radiation, which changed the spatial distribution of the
defects.
ma dose (a and b represent the green band and c and d represent the
 IN PRESS+Model
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Fig. 3. The variability TL intensity with an increment of the gamma-
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It must be noted that not only is the intensity of the TL
emission affected but the character of the glow curve also
varies. If the trap filling process involves a multi-stage
reaction mechanism, this leads to different TL intensity
relations with the dose.
There is no observation of the regeneration effect on
our sample at the 325 ◦C peak. A systematic increase
in the TL intensity is also observed with the annealing
temperature. Therefore, this peak is found to be radiation
sensitive.
When other dolomite samples were irradiated using
the 60Co-gamma source with a dose of 200 Gy [17],
there was a new additional peak at 180 ◦C. At the
same time, the NTL peak at 270 ◦C was shifted to
260 ◦C, and increasing the intensity showed no change
in the peak position of 335 ◦C. However, the intensity
decreased. Further, a systematic increase in the intensity
was observed in all the three peaks when the samples
were irradiated with increased dose levels. Previous stud-
ies [22] on natural blue colour calcite showed that there
was a systematic enhancement in the NTL peak of 345 ◦C
because of irradiation by gamma rays up to 150 Gy.
The studies also observed a regeneration effect on this
peak.
According to Medlin [23–25], Mn2+ and Pb2+ are
the well-known TL activators in natural CaMg(CO3)2.
Other impurities, such as Fe, Ni, Co, Na, and K, are also
commonly found in natural samples. Therefore, the glow
curves are not simply a measure of the Mn2+ content
because the quenching effects of Fe3+, Co2+ and Ni2+
may affect the intensities of the glow peaks.
3.3.  TL  response  versus  dose
The dose response of most TL materials is far from
linear, however, displaying a variety of non-linear effects
depending on the dose range and the irradiation type [26].
The dose response function is defined as the functional
dependence of the intensity of the measured TL signal on
the absorbed dose [27]. Because ideal dosimetric mate-
rial must have a linear dose response over a wide range,
most TL materials can be used as effective dosimeters
within a certain range of doses.
Fig. 3 shows the dose response of the green and
red bands of dolomite in the dose range 1–104 Gy.
The TL response for the green band follows the rela-
tion I  = 48,032D0.4199 and I  = 574,900 + 344.56D  over
the ranges 1–100 Gy and 200–104 Gy, respectively.Please cite this article in press as: C. Soliman, et al. Behaviour of th
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The TL response of the red band follows the rela-
tion I = 2002.1D0.1426 and I  = 4333.9 + 1.7057D  over the
ranges 1–100 Gy and 200–104 Gy. I  corresponds to the
TL intensity per g, and D  is the irradiation dose in Gy.annealed at 400 ◦C for 30 min and then exposed to a 60Co source for
different doses. After 30 min of exposure, they were post-irradiation
annealed at 100 ◦C for 50 s and measured.
The TL growth curve in the blue band of the same
sample is a two-phase process [16]. The first phase
ranged from 0.01 Gy to 100 Gy and obeys sublinear
behaviour in the form I = 420D0.18. In the second phase,
up to 104 Gy, the TL emission is a linear relation with the
irradiation dose I  = 1166 + 1.97D. Other dolomite sam-
ples’ response to gamma irradiation is linear in the range
from 0.5 Gy to 104 Gy [17].
3.4.  Kinetic  analysis
The energy values for the trapping centres in the nat-
ural and laboratory-induced TL signals of dolomite were
measured by repeatedly heating and cooling the sample
and plotting the initial rise curves. The details of this
method are found in the literature [1,28]. This is based
on the fact that, for the initial part of the glow peak, one
can write
I ∝  exp
(
E
KT
)
(1)
where I  is the TL intensity, E  (eV) is the activation energy,
K (eV/K) is the Boltzmann constant and T  (K) is the
absolute temperature. A plot of ln(I) versus 1/T  over the
initial part of the peak gives a straight line with slope
−E/K. Fig. 4 shows the relation between ln(I) versus
1/T over the initial parts of the peaks at temperatures of
145 ◦C, 155 ◦C, 225 ◦C, 240 ◦C, 270 ◦C, and 325 ◦C andermoluminescence green and red emission bands of natural
ttp://dx.doi.org/10.1016/j.jtusci.2015.10.002
their fitting lines.
In this procedure, the dolomite sample is heated
stepwise, interrupted by cooling to <50 ◦C. The
ARTICLE IN PRESS+ModelJTUSCI-234; No. of Pages 6
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f dolomite.
easurements were performed using 30 heating and
ooling cycles (heating rate 2 ◦C s−1), with 10 ◦C incre-
ents in each cycle, between 100 ◦C and 400 ◦C. The
requency factor, S, is given by
 =
(
β
K
)  (
E
T 2m
)
exp
(
E
KTm
)
(2)
here β  is the heating rate and Tm is the glow peak
aximum. The average values of the activation energies
nd frequency factors obtained by the initial rise method
or the TL glow peaks of dolomite are given in Table 1.
he previously investigated blue band has 5 more peaks
t 175 ◦C, 200 ◦C, 300 ◦C, 340 ◦C and 355 ◦C.
.5.  Stability  of  the  traps
It is important to know the stabilities of the traps
onnected with the peaks because they reflect the stor-
ge capacities of the traps. To determine the stabilities,
he thermoluminescence was measured for a period ofPlease cite this article in press as: C. Soliman, et al. Behaviour of th
dolomite irradiated with gamma rays, J. Taibah Univ. Sci. (2016), h
0 days (d) in the room environment (20–25 ◦C) [29].
rior to storage, the investigated material was given a
tandard annealing treatment at 400 ◦C for 30 min. The
able 1
omparison between the peak temperature and the corresponding aver-
ge activation energy and frequency factor of dolomite.
eak temperature,
m (◦C)
Average activation
energy (eV)
Frequency
factor (s−1)
45 0.009 ± 0.00045 0.002132
55 0.01 ± 0.0005 0.002373
25 0.15 ± 0.0075 44.72453
40 0.17 ± 0.0085 107.1638
70 0.39 ± 0.0195 6,910,857
25 0.43 ± 0.0215 6,423,943
(
(
(
(
(Fig. 5. Remnant TL of dolomite as a function of the storage time at
room temperature: red band and green band.
suitable amount of annealed dolomite powder was irra-
diated (5 Gy) and stored in the darkness before the TL
reading. Another amount of the annealed sample used as
the central was stored for a period of 30 days in the same
conditions, then irradiated with the same dose and read
out immediately. The low temperature peaks (<100 ◦C)
are of no use because they fade very quickly, so the post-
irradiation heat treatment to 100 ◦C for 15 s in the reader
is used. Fig. 5 shows the time-dependent TL fading in
the period of 0–30 days. It is shown that the TL signal
fell to 39% and 86% of its original value in the green and
red bands, respectively.
4.  Conclusions
Dolomite shows promise as a phosphor for the
retrospective dosimeter of gamma rays with the corre-
sponding converters in the range of 200 to 104 Gy in the
green and red emission bands. The investigated material
very closely meets some of the ideal criteria for a TL
dosimetry material, such as [30]:
a) a linear emission versus dose characteristic is exhib-
ited over the 200 to 104 Gy dose range;
b) the TL emission occurs within the desirable
100–400 ◦C temperature region;
c) the TL of the green and red emission bands, to which
the detectors system (photomultiplier and filter com-
bination) responds well;ermoluminescence green and red emission bands of natural
ttp://dx.doi.org/10.1016/j.jtusci.2015.10.002
d) completely annealed during the readout procedure
itself;
e) resistance against environmental factors;
(f) no regeneration effects.
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A crucial feature of the material is the fading of the TL
signal. This problem may be solved by using a suitable
post irradiation heat treatment procedure.
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